Summary Stationary phase relationships of human scalp EEGs in the frequency range of the alpha rhythm were examined by the method of crossspectral analysis. EEGs were recorded from midsaggital points equally spaced on the scalp in normal and blind adults. Cross-spectral analysis was applied to one-or three-minute records and to successive 10-second records. The generalized component, which usually formed a dominant peak in the EEG spectra, showed a gradual phase advance toward the frontal region but seldom reached 180 degrees, and the phase shift at intermediate points was not linearly related to the distance between them. A parallel relation was confirmed between the increase in the inter-regional phase difference and the decrease in the coherence value. A variety of phase differences was noticed for the more localized subordinate component, and the angles of this component ranged more broadly than with the generalized dominant component. Phase relations of the alpha rhythm in the blind were similar to those of the localized component in normal subjects. Thus, in respect to inter-regional relationships in the antero-posterior direction, the alpha rhythms were classified into at least two types, one closely related to the visual function and the other depending upon some functions other than visual. Effectiveness of the cross-spectral analysis on phase relations of the EEG was discussed in comparison with other methods.
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Since ADRIAN and YAMAGIWA (1935) first found that there exists a phase difference of about 180 degrees between the frontal and occipital EEGs, this problem has interested many researchers of human EEGs (MOTOKAWA and TUZIGUTI, 1944; COHN, 1948; WALTER and SHIPTON, 1951; PETSCHE and MARKO, 1954, 1955; REMOND, 1960; HORI et al., 1969) .
For studying quantitatively phase differences of EEGs between different loci, the method of measuring time differences of individual alpha waves (wave-to-wave time differences) has been used. Although some attempts to devise instruments for the so-called phase measurement have been made, the essentials of the method are still to measure the wave-to-wave time differences (GOLDMAN et al., 1948; WALTER and SHIPTON, 1951; PETSCHE and MARKO, 1954; YASUDA, 1961; HAYASAKA, 1962; DARROW and SMITH, 1964) . Since relationships of amplitude and phase among different components of EEG at one locus are not necessarily the same as those obtained at other loci, the wave-to-wave time difference does not represent a true phase relation even with regard to a dominant component such as the alpha rhythm.
Meanwhile, it has been pointed out that cross-correlation analysis is a more fundamental method to deal with the EEG phase (IMAHORI and SUHARA, 1949; BRAZIER and CASBY, 1952) . But even in this method, there still remains an uncertainty, that is, cross-correlograms obtained by correlation analysis consist of many components with different frequencies and phases. Therefore, the crosscorrelograms are needed further to be transformed into the cross-spectra in order to find phase differences of individual components (SUHARA, 1952; BLACKMAN and TUKEY, 1958) . This is the theoretical background for the present study.
Auto-and cross-spectral analyses were applied to EEGs from many points of the scalp in normal and blind subjects. Some important aspects of the EEG phase relationships, particularly in the frequency range of the alpha rhythm, which have been overlooked by previous studies were made clear.
SUBJECTS AND METHOD
Subjects were eleven normal undergraduate and graduate students between 19 and 27 years old and six blind persons of about the same ages. Disc electrodes of 10 mm diameter were placed along the midsaggital line on the scalp at equidistant intervals (10 or 15 % of the nasion-inion distance). The electrode was fixed to the skin by conductive paste and adhesive plaster.
Based on a pilot examination about the preferable reference for the monopolar recording (SUZUKI et al., 1973a) , the EEG recording in the present study was carried out exclusively by the common reference method (STEPHENSON and GIBBS, 1949) .
Subjects were instructed to sit quietly in an armchair in a dark soundproof room, with their eyes closed. EEGs were recorded on chart and also stored on magnetic tape through a pulse-width modulation type recorder (SPRA 48).
Procedures to calculate power spectra, phase angles and other functions were as follows (AKAIKE, 1964) . A small-scale, general purpose digital computer with 8k word memory (MC-1, NEAC 3100) was utilized for this purpose.
First, the EEG records on magnetic tape were reproduced and converted to digital signals, which were continuously transferred to the magnetic tape of the computer. The sampling rate of A-D conversion was 80 points per second and the maximal conversion accuracy was 8 bits. Then, auto-and cross-correlation functions for these digital data were calculated and the Fourier transformation of the correlation functions was performed to obtain the following functions.
(1) Power spectrum. Power spectra were obtained from EEGs of 10 or 200 sec. The frequency resolution of spectra in the Fourier transform of correlation functions is restricted by the maximal lag time of correlation analysis. Since it was 1 or 1.5 sec in the present study, the frequency resolution was 1/2 or 1/3 Hz. This is the reciprocal of twice the maximal lag time (BENDAT and PIERSOL, 1958 ; see also APPENDIX).
(2) Cross-spectrum. Cross-spectra were calculated for EEGs from each recording site with reference to the occipital EEG. Analysis conditions were the same as in calculating the power spectra.
(3) Phase angle. The phase difference at a given frequency between two signals is given by an argument of a vector composed of sine and cosine components of the cross-spectrum. It was obtained in degrees at each frequency and displayed on the polar coordinate (SUHARA, 1952; PAPAKOSTOPOULOS et al., 1971; SUZUKI et al., 1973b) .
(4) Coherence function. This function represents the extent of the linear relationship between two simultaneously recorded time functions at each frequency. It is expressed as the square of the cross-spectral density function divided by the product of the two power spectral density functions. If the two signals are identical, the coherence value becomes unity, and, if an unrelated "noise" is additionally contained in either signals, then the coherence may take various values below unity depending on the relative magnitude of the noise.
The calculation procedures for the above functions are shown in the AP-PENDIX.
RESULTS
Phase relations of alpha rhythm for longer periods First, results of analyses applied to EEGs of one or three minutes length will be mentioned.
In Fig. 1 are shown power spectra, cross-spectra and coherence functions for EEGs of the frontal, central and occipital areas in a normal subject. In the power spectra (left column) the dominant peak was at about 9.5 Hz in the frontal and occipital EEGs (Nos. 1 and 6) and at about 8.5 Hz in the central EEG (No. 3). The cross-spectra (middle column) clearly show that the 9.5 Hz component had the highest value for the frontal as well as the central areas, indicating that this component was well-correlated among different sites over a wide area of the scalp. In the right column, one can see that the 9.5 Hz component had high values of coherence in both the fronto-occipital combination and the centro-occipital one. Thus, the 9.5 Hz component is said to be generalized. In contrast to this, the In this paper an EEG component which has high values of coherence over a wide area is called the generalized component. In the example of Fig. 1 , such is the 9.5 Hz component. It is to be noted that, as shown in the central EEG of Fig. 1 , the generalized component is not necessarily dominant in some areas of the scalp. In distinction from the generalized component, the localized one is defined in such a way that it is found in power spectra of EEGs only at a circumscribed region on the scalp without having significant values of correlation and coherence to EEGs of remote areas. The 8.5 Hz component in the central EEG of Fig. 1 is typically the localized one. The coherence values of this component were high only between the central and other neighboring areas. Usually the localized component formed a subordinate peak in the power spectra. How far the localized component was spread over the scalp and where it markedly appeared were different among subjects. In the following sections, the phase relations will be described for the generalized and localized components separately.
Generalized component. The phase relations of the components shared by various regions are seen from Fig. 2 . In this figure each component is represented as a vector with a length equal to the cross-spectral density and with an angle equal 3) and the difference reached maximum around the frontal region (Nos. 1 and 2). For the generalized dominant alpha rhythm there was a tendency for the phase to be advanced in the anterior direction as the recording site shifted to more distant sites from the occipital area, but the maximal angles differed among subjects. In Fig. 3 , the phase differences of the generalized component of the alpha rhythm and its coherence values are plotted for nine subjects, as functions of the distance of the recording sites from the occiput. The phase difference increased progressively toward the frontal region in all cases. The dispersion of the angle ranged between 5 and 100 degrees around the parietal region and between 70 and 160 degrees near the frontal region. The phase difference was not linearly related to the distance from the reference site. The coherence value of the generalized component decreased as the recording site shifted from the occipital to the parietal regions. In seven of nine subjects, it was seen that the coherence took the minimal values at the parieto-central and/or central areas, and then it slightly increased in more anterior areas. It was noted that a large increase in the phase difference seemed to be associated with a marked decline of the coherence value.
Three typical examples are illustrated in Fig. 4 . To the left an example is shown in which the phase difference and the distance of the recording site from the occiput were almost linearly related. In the middle, it is shown that the phasedistance relation was steep near the occipital region and was flattened toward the frontal area. In the right example the phase-distance relation was sigmoidal indicating a large increase in the phase difference at the central region. The increase in the phase difference between two neighboring recording sites are shown in the second row. The coherence values are presented in the bottom row, showing different features according to the shapes of the phase-distance relation. These examples shown in this figure serve to illustrate more clearly the above conjecture, i.e., the point of a sharp increase in the phase difference coincides with that of a marked decline in the coherence value. Localized component. In contrast to the generalized component as shown in the preceding figures, phase relations of the localized components were not so consistent. Figure 5 illustrates phase differences and coherence values obtained from two cases. In the subject Y. K. (left half) the phase shift of the localized component of 8 Hz was nearly zero and 20 degrees at most, and its coherence value declined steeply with increasing distance from the occipital region. In the subject T. Y. (right half) the 9 Hz component which appeared mainly in the parietal and occipital areas showed a delay of phase in the parieto-occipital, centroparietal and central areas, whereas the phase advanced in more anterior parts, exhibiting a tendency similar to the generalized component. The coherence value for the localized component decreased almost linearly toward the frontal region. Thus, the phase of the localized component seemed to be dependent upon where it appeared more or less markedly on the scalp (Nos. 5 and 6 in the left case and Nos. 4 and 5 in the right). But the coherence value of the localized components generally tends to decline with increasing distance from the region where it appears dominant .
Phase relations of alpha rhythm in shorter periods
By dividing a continuous record of 60 or 200 sec into sections of 10 sec , it was found that phase angles obtained for each section (short-term phase difference) varied more or less around the value determined for the entire length of the record (long-term phase difference). However, the variation was much smaller for the generalized component than for the localized one . In Fig. 6 are presented the data from two subjects (M. T. and T. Y.). The generalized dominant component is 9.5 Hz in the subject M. T. (left). The long-term phase difference of this component increased markedly around the central area. Short-term phase differences of this component were distributed in the range from 100 to 160 degrees Larger circles show the values for 120 seconds. Open circle: generalized dominant components of 9.5 Hz (left) and of 10 Hz (right). Filled circle: localized subordinate components of 8.5 Hz (left) and of 9 Hz (right). Small dots represent the estimates for each 10 seconds. In the upper left, a phase shift in the central area (3) exceeded 180 degrees, and hence it is shown both above +90 and below -90 degrees.
in the frontal (2) and central (3) regions, and the range of dispersion was narrower in other regions. In the subject T. Y. (right), the short-term phase differences of the generalized dominant component of 10 Hz were in the range from 90 to 150 degrees in the frontal region, clustering between 90 and 120 degrees. In the central (3) and centro-parietal (4) areas, they ranged from 70 to 120 degrees and were scattered between zero and 60 degrees even in the parietal region (5), where an increase in the phase difference was sharper. The range of dispersion of the shortterm phase differences seemed to be related not to the distance of recording sites from the reference occipital region, but to the points at which a large shift of the phase occurred.
With regard to the coherence function, the long-and short-term values were also distinguished. The graphs in the bottom row of Fig. 6 show variations of the short-term coherence value around the long-term value at each recording site.
The coherence values of the generalized component in the subject M. T. took the minimal value in the central area, and those in the subject T. Y. showed a great decrease in the parietal area. Variation of the coherence values was of about the same degree at all recording sites.
Together with the generalized component, phase differences and coherence values for the localized ones are indicated in the same figure. In the left subject, the localized component of 8.5 Hz formed a subordinate peak in the EEG spectra except in the central and fronto-central regions where this component appeared dominant. The short-term phase differences of this component often took the opposite sign and were much more disparate in striking contrast to the generalized component. The coherence of the localized component took much smaller values in comparison with that of the generalized component. These findings also agreed with the relationships in the localized component in the right subject, evidencing again a large variation of phase differences and a shift to both directions of the opposite signs. The coherence values of this component decreased with increasing the distance of recording sites from the reference occiput and produced much smaller values in more anterior parts than those of the generalized component.
Phase relations of alpha rhythm in the blind
By the spectral analysis of the EEG, it was reaffirmed that the alpha rhythm was poorer in blind subjects as a whole. An additional result obtained was that the sites where the rhythm appeared dominant were different from those in the normal subjects. The central or centro-parietal regions in the blind were the parts exhibiting somewhat conspicuous rhythms, but in some cases no distinguishable rhythmic activities could be detected from any area. Thus, the structure of the EEG spectra was broad and the component shared by a wide region was not very clear. However, the coherence took fairly large values in the central or parietal areas in spite of poorer rhythms, and the value was much smaller in the frontal area than those in the normal subjects. Figure 7 illustrates data obtained from a blind subject in which minute but subjects. Note that the curves are different from those for the generalized component in normal subjects (Fig. 3 ) but similar to those for the localized components in normal subjects (Figs. 5 and 6 ).
obvious components in the alpha frequency band could be seen. The dominant component appeared at 10 Hz and smaller peaks of 6 2/3 Hz were also manifest. The phase relation of the 10 Hz component had a distinctive feature in that its phase shift was small from the occipital to the central region. Results obtained from six blind subjects are summarized in Fig. 8 . Generally, the phase differences were very small in the posterior region and took various values of both signs in more anterior regions (left) and the coherence values decreased gradually toward the frontal area (right). Whereas the coherence values in normal subjects were found to increase toward the frontal region showing smaller values at the inermediate regions (Fig. 3 right) , there were no such cases in the blind subjects. The phase relations and the coherence values in the blind are entirely different from those of the generalized component in normal subjects. The EEG in blind subjects are similar to the localized component in normal subjects with regards to the inter-areal relations of phase and coherence.
DISCUSSION
By the method of cross-spectral analysis of EEGs, the generalized component in the alpha frequency band was found to show a progressive advance of phase toward the anterior parts. Adrian and his associates described the phase reversal of the alpha waves between the frontal and occipital areas from their bipolar recordings, and, assuming a focus which generates the alpha rhythm, they attributed temporal variations of such a phase relation to the moving of the focus (ADRIAN and MATHEWS, 1934; ADRIAN and YAMAGIWA, 1935) . On the contrary, Motokawa pointed out that, though the phase reversal could be observed, the phase of alpha waves changed gradually as the recording site shifted in the frontal direction (MOTOKAWA and TUZIGUTI, 1944; MOTOKAWA, 1947) . Many authors have reported not only the phase advance in the anterior portions, but also the phase delay from the occipital to the frontal areas (PETSCHE and MARKO, 1955; COOPER and MUNDY-CASTLE, 1960; HAYASAKA, 1962) . Applying the averaging technique to bipolarly recorded EEGs, REMOND (1968) demonstrated a phase reversal occurring at an area close to the occipital region.
In comparing the present results with these previous findings, it is to be emphasized that the present study has some methodological differences from the previous ones. First, EEGs were recorded exclusively by the monopolar method. As COOPER (1959) pointed out, the bipolar leading may occasionally introduce an apparent phase shift, because the phase difference in this method contains an "ambiguity" due to changes of potential amplitudes at each location . In the monopolar recording, there is no such ambiguity. Second, the present study is distinguished from the previous ones in the measuring method of EEG phases. Spectral analysis has shown that the EEG contains many frequency components even within the alpha band and that these components behave rather independ-ently of each other, so that they result in a complicated spectral structure (IMAHORI and SUHARA, 1949; SATO, 1951; SUHARA, 1952; SUZUKI et al. , 1962; SUHARA and SUZUKI, 1964; WALTER et al. , 1966) . Suppose that EEGs at one area (X) consist of two components (A and B) with slightly different frequencies and either of the two components is also produced at another area (Y) with a fixed phase difference. If one uses the method of measuring time differences from wave-to-wave between areas X and Y, the value obtained as representing the EEG phase difference may take various values depending upon the amplitude ratio and timing between components A and B at area X. This is the reason why the method of measuring wave-to-wave time differences can not give true phase differences. In contrast with this, the cross-spectral analysis can yield an accurate phase angle of each component separately as far as the stationary nature of the process is assumed (BENDAT and PIERSOL, 1958) . Although this proposition is not strictly fulfilled in many biological data, the method is still viable for EEG study insofar as it deals with such conditions as a resting state or some simplified experimental situations which are approximated as stationary (MOLNAR et al. , 1959; SATO , 1951 SATO , , 1963 SAKAMOTO et al. , 1965; SUZUKI et al. , 1967; MATOUSEK, 1973) .
It has been found in the previous studies that at least two kinds of frequency components could be seen in the alpha rhythm, one being distributed over a wide area on the scalp and the other being more restricted to circumscribed regions (SUZUKI et al., 1962 (SUZUKI et al., , 1963 SUHARA and UEMURA, 1963) . In this study, it was further evidenced that the phase of the generalized component advanced toward the frontal area. This is consistent with the findings by previous workers obtained by measuring time differences between alpha waves at different recording sites. But they also frequently observed that delays of waves occurred as the recording site shifted in the anterior direction. This may be explained as arising from the following two reasons. (1) As stated above, so-called EEG phase differences obtained by measuring wave-to-wave time differences may take various values depending upon amplitude ratio and timing between the generalized and localized components. (2) If the localized component becomes dominant , retardation of the EEG phase may be manifested, because such is very often seen in the localized component (Fig. 5) .
It is noteworthy that the phase difference of the dominant component, between the frontal and occipital regions, ranged from about 100 to 150 degrees, reaching 160 degrees at most and only 90 degrees in some cases, and that the changes of the phase were gradual but not always linearly related to the distance of recording sites from the occipital area. Large shifts of the phase were observed mostly in the central or parietal regions and even at more posterior parts near the occiput in some cases, and the phase difference was smaller between neighboring points in more anterior portions. These results do not strictly agree with the statement by MOTOKAWA (1947) that the phase reversal may occur between the pre-and post-central gyri. The present study showed that a complete phase reversal is not seen in alpha waves, and that the border of the phase change differed from subject to subject. Studying the posterior alpha rhythm, Remond proposed that alpha waves would be produced by a few sources and that the phase differences existing in alpha waves recorded bipolarly could by explained in terms of a volume conductor (REMOND, 1968 ; JOSEPH et al. , 1969) . Phase relations at the areas proximate to the origin may certainly be understood by a simple mechanism simulated by a volume conductor. But another interpretation may be necessary in order to explain the existence of a close relation between the occipital and the more remote frontal areas, which was disclosed by measuring the coherence values. In regard to a gradual phase shift of EEGs, the "traveling" of waves has been postulated by those researchers who have used a topography (COOPER and MUNDY-CASTLE, 1960 ; PETSCHE and MARKO, 1955; PETSCHE and STERC, 1968; PETSCHE and RAPPELSBERGER, 1970) . From observations both in man and animals, PETSCHE (1972) pointed out that a few generators may be inadequate to secure a widespread propagation of waves in the brain, and considering some hypothetical processes with multiple-connected networks, he asserted that "the travelling wave phenomenon is closely bound to that of synchronization." His remark is suggestive for the interpretation of the results under consideration here, but it does not suffice to explain why the generalized rhythmic activity shows a unidirectional phase shift as a whole and yields somewhat closer interrelations between the frontal and occipital areas than between the central and occipital regions. As stated by MOTOKAWA (1947) , much importance may be attached to such associative connections as the superior and inferior longitudinal fasciculi. Subcortical structures may also have to be considered, which have been assumed to play an essential role in pacing the cortical rhythms (SPENCER and BROOKHART, 1961 ; CREUTZFELDT et al. , 1966; ANDERSEN and ECCLES, 1962; ANDERSEN and ANDERSSON, 1968) . Therefore, the gradual but not always linear change of phase and the close relationship between the frontal and occipital EEGs must be regarded as a consequence of compound interaction of neuronal activities through nervous connections between various regions on the one hand, and of a purely physical current flow through a volume conductor on the other.
While the generalized component of the alpha rhythm was in most cases dominant in the posterior parts of the scalp, the area exhibiting the localized component was neither constant nor clear among subjects. This component appears in more anterior parts in some cases, or in more posterior regions in others. In a few instances, the localized component could not be identified by a mere inspection of the power spectra. The localized component was often found to have a frequency very close to that of the generalized one. Both of these components were found together in the same area, so that resultant waves may exhibit various waveforms, as stated above, and the constituents might not be easily distinguishable by visual inspection of the original EEG traces. Through the spectral analysis, it was found that the phase relation is one of the most distinct features with which the localized component is distinguished from the generalized one; the former shows neither a continuous change of phase in the antero-posterior direction nor a constant sign of the angle. Peculiar rhythms recorded from the vicinity of the central sulcus have been called "Rolandic rhythm," "rythme en arceau" or " wicket rhythm" (BATES, 1951; GASTAUT, 1952; GASTAUT et al., 1954; MAGNUS, 1954; KLASS and BICKFORD, 1957) . This rhythm has been reported to be not so frequently observed. Incidence is less than about 4 % among normal adults (CHATRIAN et al., 1959; NUMAMOTO et al., 1960) . But in the present study" the localized component was more frequently found in the central or centroparietal areas in many subjects. Though precise identification of the localized component with "the wicket rhythm" has not yet been made, some of the localized components detected by the spectral analysis seem identical to the "wicket rhythm" in their generating regions. In the blind subjects the conspicuous EEG component was found localized in the central and/or parietal areas. In part, it had a similar distribution and phase relation to those of the localized component in the normal subjects (Fig. 8) . Some authors have attributed the alpha rhythms in the blind to surviving healthy functions, especially to tactile sensation (NOVI-KOVA, 1967; SUHARA et al., 1972) . From these considerations, it may be inferred that some of the localized components in the normal EEG have a relation to the mechanism of somatic or somesthetic function. Such an inference could not be made until different components were distinguishable through spectral analysis based on a statistical theory for biological phenomena.
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APPENDIX
Spectral analysis in this study was performed based on the computing method by AKAIKE (1964) for estimation of a frequency response function described in detail in his paper. The Appendix to this paper presents only basic procedures for calculation. Symbols used are defined in the glossary below. For computing an auto-correlation function and a power spectral density function of a datum yi, the symbol x should be simply replaced by the symbol y.
xi, yi: ith sampled data from time functions xt and yt which are assumed to be weakly stationary stochastic processes.
: time interval of sampling. : numbers of data used.
: maximum number of time lags for the computation of correlation functions.
f : frequency correlation function. raw estimate of a power spectrum density function. smoothed estimate of a power spectrum density function.
weighting coefficient used for smoothing raw estimates of spectral density functions, which is usually called a spectral window.
phase shift. coherence function.
Computation of auto-and cross-correlation functions 
